Exposure to distinct stimuli during critical periods of development can affect behavior long-term. A new study in Caenorhabditis elegans demonstrates that changes in neuronal activity of one synaptic connection following early-life pheromone exposure are sufficient to permanently enhance specific avoidance responses.
The ability to sense and efficiently evaluate ever-changing sensory stimuli from the environment is critical for survival of all free-living organisms. At the center of information processing are sensory neurons that receive and interpret these cues and signal to downstream neurons to produce specific behavioral outputs. Apart from temporary changes in circuit activity, exposure to certain sensory signals during specific, critical periods of development can further lead to permanent modifications that result in long-lasting effects on behavior. This form of long-term memory formation is often referred to as 'sensory imprinting' [1] . A notable example of this phenomenon is in the seasonal homing behavior of Pacific salmon: upon sexual maturation, salmon return from the ocean to their natal birth stream to spawn -a journey that is hypothesized to be guided by memories of olfactory signals acquired during the animal's juvenile state [2] . Such odordependent or olfactory imprinting has been described for many different animal species and seems to be particularly essential for neonatal attachment and development of food preference in mammals [3] . Whereas the aforementioned examples of imprinted behaviors are hypothesized to increase chances of survival and reproduction, it is conceivable that such permanent modifications could turn out to be detrimental if the animal was faced with unanticipated environmental conditions later in life. Therefore, deciphering the molecular mechanisms underlying sensory imprinting could not only advance our understanding of developmental plasticity, but could further help to identify causes for disease susceptibility.
The nematode Caenorhabditis elegans has been proven to be a valuable model organism to study the cellular effects of olfactory imprinting [4, 5] . Despite containing a rather simple nervous system, consisting of only 302 neurons in the adult hermaphrodite, C. elegans is capable of detecting a plethora of sensorial signals from the environment to mediate stimulus-specific behavioral responses [6] . These responses are governed by the sex, developmental stage and previous environmental experiences of the animal [7, 8] . Given the behavioral plasticity of this system, its limited cellular complexity and the availability of the entire connectome of the C. elegans nervous system, it is possible to link imprinted behavior to cellular and molecular changes in the nervous system [6] . Indeed, imprinted behavior from an attractive odor in C. elegans has been shown to depend upon a single interneuron pair postsynaptic to olfactory neurons and to require expression of a specific G-proteincoupled receptor that must respond to a still unknown ligand [4] . Similarly, a recent study dissected the distinct circuits underlying memory formation and retrieval necessary for olfactory imprinting in response to early-life exposure to pathogenic bacteria [5] . However, despite these recent advances in our understanding of olfactory imprinting, the cellular and molecular bases of these complex phenomena still remain largely unknown. A new study by Hong et al. published in this issue of Current Biology now identifies one specific synaptic connection, whose activity is permanently modified in response to early-life exposure to a repulsive pheromone, ascr#3 (an ascaroside-type pheromone [9] ), and shows that this change in circuit activity is sufficient to mediate life-long enhancement of avoidance behavior to the same stimulus ( Figure 1 ) [10] .
In times of low food availability, high population density and elevated temperatures, C. elegans L1 larvae decide to commit to enter an alternative developmental program, the so-called dauer stage, in which animals are able to remain for months until environmental conditions improve [11] . Critical for dauer induction is the dauer pheromone, a complex mixture of ascarosides [12] . Pheromonal cues not only trigger developmental decisions (such as entry into the dauer stage), but also impinge on behavior of adult animals. Specifically, exposure to high levels of one of the more potent dauer-inducing ascarosides, ascr#3, is sufficient to prompt adult hermaphrodites to revert their locomotory path ('reversal behavior') [9] . Hong et al. exposed animals to ascr#3 during the first six hours of larval development, under conditions that are not adverse enough to trigger dauer entry (i.e. in the presence of abundant food) and found that adult C. elegans animals now detect and move away from the ascr#3 pheromone at levels that are otherwise not sensed as a repellent in naïve adult animals [10] . This effect was no longer present when ascr#3 pre-exposure was performed during any other time of development, identifying the first hours of the L1 larval stage as the critical period for olfactory imprinting of ascr#3 avoidance. Intriguingly, previous reports of olfactory imprinting in C. elegans have also identified the L1 stage as the critical period in their respective paradigms [4, 5] . Why only the L1 stage can encode this long-term memory is entirely unclear in all these paradigms and will require further investigation.
The circuitry underlying ascr#3 avoidance behavior in naïve animals depends on ascr#3 sensation by the chemosensory neuron ADL, which signals via the command interneuron AVA to downstream motor neurons to mediate body muscle contractions resulting in backward motion [7] . Using calcium imaging, Hong et al. demonstrate that ascr#3 increases ADL neuronal activity in both naïve and imprinted animals in the same dose-dependent manner [10] . However, only imprinted animals show ascr#3-induced and ADL-activitydependent neuronal activation of the motor neuron SMB. None of the other tested downstream targets of ADL showed any differences in neuronal activation following acsr#3 exposure between naïve and imprinted animals [10] . Interestingly, SMB neurons directly innervate head and neck muscles [6] and were previously shown to control reversal frequency [13] . In adult animals, ADL is known to synapse onto the SMB neurons [6] and ascr#3-mediated imprinting apparently facilitates synaptic communication between ADL and SMB, thereby leading to a more rapid induction of backward motion upon detection of low levels of the pheromone. Notably, enhanced avoidance behavior in imprinted animals was not seen in response to other ascarosides or repulsive chemicals such as glycerol, and could not be produced by early-life exposure to another strong dauerinducing ascaroside, ascr#2 [10] . These results provide evidence for a high specificity of olfactory imprinting and the subsequent behavioral changes to the original trigger.
To identify the molecular basis of the observed cellular changes in imprinted animals, the authors screened for mutants defective in ascr#3 olfactory imprinting using a candidate gene approach. Loss of ODR-2, a membrane-associated protein highly enriched in axons and known to result in impaired responses to distinct odors [14] , had no impact on the naïve ascr#3 avoidance response. However, odr-2 mutants were defective in ascr#3 olfactory imprinting, which was rescued by re-expression of odr-2 specifically in SMB neurons [10] . Moreover, the authors demonstrated that early-life ascr#3 exposure permanently increases odr-2 expression levels only in SMB neurons and that SMB-specific overexpression of odr-2 is sufficient to induce an enhanced avoidance response similar to ascr#3-imprinted animals [10] . Based on the protein's homology to the 'Ly6 antigen/ uPA receptor domain' of Lynx/SLURPtype proteins that act as regulators of ligand-gated ion channels in vertebrates, ODR-2 may act as a regulator of neurotransmitter receptors in C. elegans [15] . Upon ascr#3 imprinting, increased levels of ODR-2 could therefore lead to altered postsynaptic receptor function or distribution in SMB neurons and thus affect neuronal excitability in imprinted animals.
Future studies will undoubtedly focus on identifying both the specific signals generated in SMB neurons in response to early-life ascr#3 exposure resulting in odr-2 upregulation and the mechanisms critical for maintaining elevated odr-2 levels throughout the lifetime of an imprinted animal. It may be illuminating to look for lessons learned from the dauer stage, another paradigm in which the nervous system is modulated based on signals at a specific development stage. In studies analyzing the effect of dauer formation on the transcriptomic profile of adult, 'postdauer' animals, persistent changes in gene expression were identified that depend on chromatin remodeling and endo-siRNA signaling pathways [16, 17] . Given the persistent nature of odr-2 upregulation, it is conceivable that olfactory imprinting may similarly result in cell-specific modifications of chromatin architecture or generation of small RNAs that could mediate long-term transcriptional changes. Some evidence already suggests that ascr#3 imprinting may involve small RNAs. Previous work demonstrated that postdauer, adult animals show significant defects in their ascr#3 avoidance response and that this behavioral change is mediated by endo-siRNA-dependent changes in gene expression in the ascr#3-sensing neuron ADL [17] . Notably, Hong et al. show that passage through dauer overrides the effects of ascr#3 imprinting on avoidance behavior in adult hermaphrodites [10] , suggesting an intersection of imprinting with endo-siRNA function. Since dauers form only in response to strong adverse environmental conditions during a specific developmental time window, resulting in persistent molecular changes in postdauer animals, passage through the dauer stage may be considered as a 'multi-sensorial imprinting' phenomenon. Depending on developmental time, magnitude of environmental stimuli and cellular targets of imprinting, long-term effects of early-life experiences might be reversed and/or masked by exposure to more potent imprinting environmental conditions later in life. Altogether, these results provide valuable insight into the perseverance and/ or reversibility of imprinted behavior and establish a basis for future studies aiming to further advance our understanding of an animal's adaptability to its environment and, as Marcel Proust elaborated on, to the memory of things past.
The low frequency theta rhythm is thought to promote the formation of long-term multimodal memories in the hippocampus by orchestrating input from multiple cortical sources. New research has demonstrated a causal association between the timing of experimentally induced theta rhythms and episodic memory formation in humans.
The complex neural symphony of the brain is thought to be supported by cortical oscillations, or 'brain rhythms'. Oscillations act like musical conductors, orchestrating the timing of neural firing across the brain. Without them, our brain's complex temporal firing patterns would lack coherence, resulting in a neural cacophony. This orchestration may support communication between distant brain regions, ensuring they are talking to each other at the right time. Further, the temporal organisation of neural firing is thought to be critical for the formation of long-term memories in the hippocampus. A new study by Clouter et al. [1] , reported in this issue of Current Biology, sheds light on the role of the low-frequency theta rhythm (4) (5) (6) (7) (8) in the formation of longterm multimodal memories.
Theta rhythms are found throughout the brain, and dominate the local field potential in the hippocampus; a region known to be critically involved in episodic memory [2] . Given this association with the hippocampus, it has long been speculated that theta plays a role in coordinating activity during memory encoding [3, 4] . However, the specific function of hippocampal theta is not clear. In rodents, theta is predominantly associated with translational movement through an environment [5] . Further, hippocampal place cells, which signal an animal's location with respect to the environment, are known to fire at different
